Objective: To explore the influence of gender, together with folate status, on the relation between the common methylenetetrahydrofolate reductase (MTHFR) C677T polymorphism and plasma total homocysteine (tHcy) concentrations in healthy children. Design: Cross-sectional study by face-to-face interview. Setting and subjects: A total of 186 sixth-grade students participated from twelve randomly selected primary schools in Volos, Greece. Methods: Fasting tHcy, folate, and vitamin B 12 were measured in plasma. The MTHFR genotypes were determined. Anthropometric and dietary intake data by 24-h recall were collected. Results: Geometric means for plasma tHcy, plasma folate and energy-adjusted dietary folate did not differ between females and males. The homozygous mutant TT genotype was associated with higher tHcy only in children with lower plasma folate concentrations (o19.9 nmol/l, P ¼ 0.012). As a significant gender interaction was observed (P ¼ 0.050), we stratified the lower plasma folate group by gender and found that the association between the genotype and tHcy was restricted to males (P ¼ 0.026). Similar results were obtained when folate status was based on estimated dietary folate. Specifically, only TT males that reported lower dietary folate consumption (o37 mg/MJ/day) had tHcy that was significantly higher than tHcy levels of C-allele carriers (P ¼ 0.001). Conclusions: Under conditions of lower folate status (as estimated by either plasma concentration or reported dietary consumption), gender modifies the association of the MTHFR(C677T) polymorphism with tHcy concentrations in healthy children. Sponsorship: Kellog Europe.
Introduction
Homocysteine (tHcy) is a thiol-containing amino acid formed during the metabolism of methionine. Elevated tHcy is considered a risk factor for atherogenesis (Boushey et al., 1995; Selhub, 1999; Ford et al., 2002) . Increased tHcy has also been associated with a number of adverse health conditions such as cognitive impairment, dementia, Alzheimer's disease (Seshadri et al., 2002) , risk of hip fracture (McLean et al., 2004) , and pregnancy complications (Hague, 2003) . Plasma tHcy is influenced by modifiable and nonmodifiable factors. Concentrations of tHcy are higher in males than in females, and have been found to increase with advancing age . The gender difference has been attributed primarily to differences in muscle mass (Giltay et al., 1998; Dierkes et al., 2001 ) and concentrations of sex hormones (Morris et al., 2000; Dierkes et al., 2001) . Apart from gender and age, vitamin status is considered a primary determinant of tHcy. Namely, low vitamin levels for both folic acid and vitamin B 12 have been associated with elevated tHcy in adults (Jacques et al., 1996) , elderly (Selhub et al., 1993) , and children (Papoutsakis et al., 2005) .
Genetic factors also affect tHcy, and gene-nutrient interactions play an important role in tHcy (Molloy, 2004) . The thermolabile variant of the methylenetetrahydrofolate reductase (MTHFR(C677T)), a regulating enzyme in tHcy metabolism, is an important genetic determinant of tHcy (Frosst et al., 1995) . Individuals homozygous for the mutant T allele have higher tHcy concentrations than individuals with CC or CT genotypes (Molloy, 2004) . Moreover, Bvitamin status modifies the relation of the MTHFR(C677T) mutation with tHcy. In particular, TT individuals exhibit marked elevations of the amino acid in their blood in comparison to other genotypes, but only under conditions of inadequate or lower folate status (Jacques et al., 1996; Alfthan et al., 2003) . We have reported that this folatedependent relation between tHcy and the MTHFR(C677T) polymorphism exists in healthy children as well (Papoutsakis et al., 2005) .
Recent studies have shown that age and gender could affect the relation between the MTHFR(C677T) mutation and tHcy concentrations. Specifically, Russo et al. (2003) found that only among younger adult men (o55 years old) with low plasma folate concentrations, was the TT genotype associated with higher tHcy concentrations in comparison to those carrying the C allele. Most reports on tHcy have focused on middle-aged or elderly people. However, the identification of salient relationships of tHcy determinants in younger ages is also critical, since tHcy could be a greater risk factor for cardiovascular disease in younger than in older persons (Stein and McBride, 1998) . Also, the role of the MTHFR(C677T) mutation in determining tHcy after adjustment for folate status may be more important in younger ages (Spotila et al., 2003) .
In the present cross-sectional study, we examined whether the folate-dependent relation between the MTHFR(C677T) genotype and plasma homocysteine concentration is influenced by gender in a population-based sample of 186 male and female healthy Greek children.
Materials and methods

Subjects
This study is part of a survey investigating the prevalence of cardiovascular risk factors in healthy children from Volos, Greece. The subjects and data collection methods have been described in detail elsewhere (Papoutsakis et al., 2005) . Briefly, the Institutional Review Board of Harokopio University and the Greek Ministry of Education approved the study. Students and their parents/guardian signed written informed consent after explanation of the study and its data collection procedures. The sample consisted of sixth-grade students; residents of the town of Volos, Greece (approximately 208 000 inhabitants), drawn from twelve randomly selected primary public schools. A total of 271 students were considered eligible for the study and were asked to join. Reasons for exclusion from the study included chronic or present illness, absence from school, or relocation. The final participation rate was 73% (n ¼ 198, 106 female subjects and 92 male subjects; age range: 10.8-13.5 years). In the school environment, trained staff collected all information and blood samples. Due to plasma and DNA limitations, complete data were available for 186 children (99 female subjects and 87 male subjects).
Dietary methodology
Dietary information was collected by two nonconsecutive 24-h recalls (Frank et al., 1977) . Personnel participated in intensive training and mock sessions prior to data collection to limit interviewer errors. A standardised protocol describing interviewing and recording techniques was implemented during the face-to-face interviews to maximise accuracy and completeness. Also, food models and sample house measures (such as cups and spoons) were employed to specify serving sizes. The 24-h recalls were analysed using the Nutritionist V software, version 2 (First Databank Inc, San Bruno, CA). The Nutritionist V food database was expanded by adding analyses of traditional Greek recipes (Trichopoulou, 1992) and nutrient information of local processed food items (mainly snack foods, sweets, and fast foods) as provided by industry.
Personal and anthropometric information
During the face-to-face interviews, a structured questionnaire was completed with personal and demographic information on each subject such as birth date, birthplace, nationality, and medical history. Physical measurements of body weight, and height were obtained in light clothing without shoes, and body mass index (BMI) was computed as weight (kilograms)/height 2 (meters 2 ). A set of Lange skinfold callipers was applied to obtain a triceps skinfold measurement (TSF) at the midpoint of the left upper arm. A soft tape measure was used to determine the circumference of the left relaxed, extended upper arm at the midpoint between the acromion and olecranon processes frequently referred to as mid-arm circumference (MAC). The mid-arm muscle circumference (MAMC), an index of the body's total skeletal muscle mass, was derived by calculating the equation:
Blood sampling Venous blood was collected after an overnight fast (X10 h). The samples were placed in EDTA-containing tubes and protected from light thereafter. Plasma was immediately separated (1800 Â g, 15 min) and the buffy coats of nucleated cells were stored for DNA isolation. Plasma samples were shipped in ice under code to the Laboratory of Nutrition and Clinical Dietetics, Harokopio University, Athens. Aliquots were stored at À801C until assayed.
Biochemical measurements tHcy (total of protein-and nonprotein-bound homocysteine) was determined in plasma by fluorometric highperformance liquid chromatography according to Ubbink (Ubbink et al., 1991) with minor modifications (Ubbink et al., 1991; Gilfix et al., 1997) . Plasma folate and vitamin B 12 were measured via a commercially available radioimmunoassay kit (Dualcount; Solid phase no boil assay; Diagnostic Product Corporation, Los Angeles, CA) with a sensitivity of approximately 0.3 ng/ml for folate and 34 pg/ml for vitamin B 12 . Among other routine blood indices, plasma creatinine was determined using commercially available enzymatic colorimetric assays (Sigma Diagnostics, St Louis, MO) on an automated ACE analyzer (Schiapparelli Biosystems Inc, USA). The intra-and interassay coefficients of variation for the determination of all biochemical variables did not exceed 5%.
MTHFR(C677T) genotype analysis
Genomic DNA was isolated from the buffy-coat fraction by applying a salting-out procedure (Miller et al., 1988) . The MTHFRC677T variants were analysed by the method of Frosst et al. (1995) , as previously described (Papoutsakis et al., 2005) .
Statistical methods
All statistical analyses were performed using SPSS 11.0 for Windows (SPSS Inc., Chicago, IL, USA We performed analysis of covariance (ANCOVA, General Linear Model procedure) to test for associations between the MTHFR genotype and folate status on tHcy, and compared the means in each genotype group to the others using the Bonferroni test for multiple contrasts. The means were adjusted for age and gender. Before any stratification, examination of interaction effects was conducted to determine whether there were potential interactions between measured variables that affected tHcy. Since a significant interaction was identified between the genotype (TT vs CC and CT), and plasma folate (as the logarithm of plasma), we divided study children by upper or lower plasma folate status using the median of plasma folate concentration as the cut off value (19.9 nmol/l). Subsequent analyses relating genotype to tHcy concentrations were adjusted for age, gender, and plasma folate concentrations (as a continuous variable within plasma folate categories). We examined the possibility of a gender interaction in the lower plasma folate stratum. As a consequence of a significant interaction between gender and the MTHFR genotype in the lower plasma folate stratum, we further stratified the lower plasma folate group by gender. The same overall rationale was repeated in order to reveal interactions, if any, between genotype and estimated folate intake from the diet.
As removal of extreme observations (outliers) had no influence on presented results, we did not exclude any subjects from the analysis. Reported P-values are based on two-sided tests and statistical significance was set at Po0.05.
Results
Anthropometric, biochemical, and dietary variables, as well as distribution of the MTHFR(C677T) genotypes were similar between females and males (Table 1 ). All children were within normal limits for concentrations of plasma folate (laboratory minimum normal reference ¼ 3.4 nmol/l) and plasma vitamin B 12 (laboratory minimum normal reference ¼ 133 pmol/l). Females reported lower intakes for both folate and vitamin B 12 compared to males. In detail, the geometric mean (95% CI) for the dietary intake of folate was 275 (250, 303) mg/day for females and 319 (288, 354) mg/day for males (P ¼ 0.036). Also, the dietary intake for vitamin B 12 was 3.2 (2.7, 3.8) mg/day in females and 3.7 (3.1, 4.5) in males (P ¼ 0.024). As the nutrient density may be more important in evaluating vitamin status than total daily vitamin intake when comparing individuals (Bates et al., 2002) , an estimate of dietary folate and vitamin B 12 adjusted for energy intake (i.e. expressed in mg/MJ/day) was also determined. Once the intakes of folate and vitamin B 12 were adjusted for total daily energy consumption, there were no differences between genders in both B vitamins (Table 1) . Among the 186 study children, the three MTHFR genotypes were allocated as follows: CC 42.5, CT 40.9, and TT 16.7%. The frequency of the T allele was 37.1% and the overall genotype distribution was compatible with the HardyWeinberg equilibrium (P ¼ 0.7).
Homocysteine, MTHFR, folate, and gender in children C Papoutsakis et al
In the whole study sample, plasma tHcy differed significantly between the three genotypes (overall P ¼ 0.012), after adjusting for age and gender. Geometric mean plasma tHcy concentrations were higher in children with the TT genotype (8.9 mmol/l) than concentrations in those with the CC (7.7 mmol/l; P ¼ 0.028) and CT genotypes (7.8 mmol/l; P ¼ 0.014). Also, the geometric mean of plasma folate was significantly lower in the TT group (17.5 nmol/l) relative to the CC (20.7 nmol/l), and CT subjects (20.4 nmol/l) (overall P ¼ 0.028).
In this group of healthy young children, we were able to confirm the established interaction between genotype and folate status (either in plasma or from diet) on tHcy. Also, the product (MTHFR Â folate Â gender) in the entire population was nearly significant in the case of plasma folate (P ¼ 0.083) and highly significant for dietary folate (Po0.0001). Thus, we stratified for folate (either in plasma or diet) and gender.
Specifically, the interaction of genotype with plasma folate was significant (P ¼ 0.022), therefore, in subsequent analyses we stratified our sample by the median plasma folate level (19.9 nmol/l). As anticipated, the homozygous mutant TT genotype was associated with higher tHcy only in children with lower plasma folate concentrations (overall P ¼ 0.012).
We proceeded to test the potential influence of gender on the relation between the MTHFR(C677T) genotype and tHcy among the study participants with plasma folate concentrations below the median (o19.9 nmol/l). We found a significant interaction between the genotype (TT vs CC and CT) and gender (P ¼ 0.05) on tHcy concentrations, so we examined separately females and males within the lower plasma folate stratum (Table 2) . Females were found to have similar tHcy concentrations across the three MTHFR variants. In contrast, males who were homozygous for the T allele had tHcy concentrations that were 32% greater than their C-carrier counterparts (overall P ¼ 0.026, Table 2 ).
Even though we did not detect a significant correlation between plasma folate levels and estimated dietary folate (r ¼ 0.27, P ¼ 0.730), we tested whether the association of the MTHFR 677T allele with higher tHcy could be affected by 
Females tHcy (mmol/l) 8.5 (8.0, 9.0) 8.4 (7.5, 9.3) 8.2 (7.5, 9.0) 8.9 (8.0, 10.0) 0.467
Plasma folate X19.9 nmol/l Males tHcy (mmol/l) 7.8 (7.0, 8.7) 7.7 (6.9, 8.6) 7.6 (6.6, 8.7) 8.2 (6.3, 12.0) 0.883
Females tHcy (mmol/l) 7.1 (6.6, 7.6) 7.2 (6.6, 7.9) 7.5 (6.9, 8.1) 6.6 (5.5, 7.9) 0.415
reported dietary folate. We found a significant interaction between genotype and dietary folate (as the logarithm of folate intake) on tHcy concentrations, after adjusting for age, gender and energy (P ¼ 0.05). Consequently, we stratified the sample by the median of energy-adjusted dietary folate (37 mg/MJ/day). Only in children classified in the lower dietary folate category was the MTHFR genotype associated with tHcy concentrations (overall P ¼ 0.008). In more detail, the geometric mean of tHcy was higher in TT children (9.5 mmol/l) than in CC (7.4 mmol/l, P ¼ 0.007), and CT children (7.7 mmol/l, P ¼ 0.038), after taking into account age, gender, and dietary folate intake (as the logarithm of dietary folate). Because of a significant gender interaction (P ¼ 0.01), we further stratified children in the lower dietary folate stratum by gender (Table 3) . Similarly to plasma folate, only TT homozygous males that reported lower dietary folate exhibited tHcy that was significantly higher than that of C-allele carriers (P ¼ 0.001).
Discussion
We revealed a gender-dependent gene-nutrient interaction on tHcy concentrations in a population-based sample of healthy Greek children. Under conditions of lower plasma folate status, the MTHFR(C677T) genotype affected plasma tHcy only in males. In particular, for children categorised as having plasma folate concentrations below the median (19.9 nmol/l), male MTHFR TT homozygotes had tHcy that was elevated in comparison to male CT heterozygotes, and CC homozygotes. In contrast, the MTHFR genotype did not exert an influence in females. These relationships were still significant when we used dietary folate intake (estimated by the 24-h recall method) as a criterion for folate status. Thus, TT boys appear to be more vulnerable to a lower folate status. Even though children were divided in two strata of folate status (upper or lower according to the group's median), none of them were folate-deficient in terms of plasma concentrations. This suggests that optimal folate status rather than prevention of folate deficit ought to be the appropriate nutritional goal.
To the best of our knowledge, this is the first study in children that investigated the potential influence of gender on the relation between tHcy and the MTHFR(C677T) genotype. A small number of studies in adults have explored this possibility, but results were mixed (Wang et al., 1999; Chango et al., 2000; Ho, 2000; Rea et al., 2000; Dekou et al., 2001; Cappuccio et al., 2002; Husemoen et al., 2003; Russo et al., 2003) . In a population study, the importance of the MTHFR genotype decreased with increasing age and this phenomenon was more apparent in men than in women, leading to the conclusion that lifestyle may have a greater influence in older men, while in younger men the genotype may be more important in determining tHcy (Husemoen et al., 2003) . Chango et al. (2000) reported that the TT genotype was associated with elevated tHcy in men but not in women and proposed that, in addition to blood indices of folate, dietary folate should be examined to determine if differences in folate consumption provide any additional information. In our study, we evaluated dietary folate intake but there was no indication of a more favourable intake in females compared to males. Moreover, folate status, assessed as either plasma levels or dietary intake, revealed similar types of interactions. This implies a positive association 6 (7.7, 9.4) 7.4 (6.5, 8.4) 7.0 (6.1, 7.9) 12.1 (9.6, 15.3)* 0.001
Females tHcy (mmol/l) 8.0 (7.5, 8.6) 7.4 (6.7, 8.2) 8.3 (7.5, 9 .2) 8.3 (7.2, 9.6) 0.205
Dietary folate X37 mg/MJ/day Males tHcy (mmol/l) 8. 4 (7.7, 9.2) 8.3 (7.4, 9.3) 8.6 (7.6, 9.9) 8.4 (6.8, 10 .2) 0.872
Females tHcy (mmol/l) 7. 6 (7.0, 8.1) 7.8 (7.0, 8.7) 7.3 (6.7, 7.9) 7.6 (6.3, 9 .1) 0.559
tHcy, total homocysteine; MTHFR, methylenetetrahydrofolate reductase. Values are shown as geometric means (95% CI) and are adjusted for age, and dietary folate intake. a between dietary intake and plasma concentration that others have previously observed (Selhub et al., 1993) ; in our study; however, such a significant correlation was not detected. This could be due to variations in the bioavailability (Brouwer et al., 1999) and absorption of folate from different foods leading to variations in plasma concentrations (Gregory, 1997) , and/or paucity of accurate micronutrient values for foods grown and consumed in Greece. In a study of elderly adults (Dekou et al., 2001) , 677TT homozygotes had higher tHcy, however, when men and women were examined separately, the effect was much more pronounced in men and the authors concluded that a gender-associated factor must be modifying the effect of 677TT homozygosity on tHcy. This is in line with our observations because the genotype affected only tHcy of males but not females with lower folate. Three studies reported no relationship between tHcy and the MTHFR genotype, neither in men nor in women (Wang et al., 1999; Ho, 2000; Rea et al., 2000) while another study concluded there is a relation in both men and women (Cappuccio et al., 2002) . However, none of these investigations incorporated the effect of folate status, like we did. Russo et al. (2003) took into account folate status, and concluded that in persons younger than 55 years, male gender augments the contribution of the MTHFR C677T mutation by increasing fasting tHcy under conditions of lower plasma folate. This is in agreement with our observations. Also, Gudnason et al. (1998) showed a large and consistent influence of the thermolabile MTHFR variant on tHcy in a study of young men (22-25 years). In women only, Schwartz et al. (1997) demonstrated that the association between tHcy and the MTHFR genotype is present in those with low plasma folate but not among women with adequate plasma folate. By contrast, an intervention study, in young women (20-30 years) consuming first a low folate diet followed by a folate rich diet, showed that tHcy was not different in the TT versus CC women postdepletion and postrepletion. This intervention suggests that, in women, the MTHFR genotype is not a salient predictor of tHcy under various conditions of folate status.
Likely due to young age, we did not detect a gender difference in tHcy. Others agree (Bjorke Monsen and Ueland, 2003) that there is no difference in tHcy of young girls and boys while tHcy becomes higher in males of postpubertal ages, and not before because of muscle mass increases, and sex hormone changes. The influence of muscle mass could be related to the simultaneous production of tHcy during creatine-creatinine formation (De Laet et al., 1999) . In adults, the gender difference in tHcy has been related to differences in creatinine concentrations (Brattstrom et al., 1994) . Even though we did not account for stage of puberty, we did analyse for differences between genders in terms of plasma creatinine, mid-arm muscle circumference, and body mass index and found no differences. Indirectly, it could be presumed that there were no overt differences in physical development. It is known that estrogen lower plasma tHcy in females (Morris et al., 2000) . The similarity in tHcy between females and males in the present study lends support to the notion that major hormonal differentiations had not taken place. The reason why TT females in our study did not experience the same elevation in tHcy observed in males requires further exploration.
Since modest elevations of tHcy may increase cardiovascular disease risk (Boushey et al., 1995) , it is clinically relevant to understand the subtle relations involved in modulating tHcy. Our study is limited because of its crosssectional nature, thus causal relationships cannot be assumed. In addition, the age range was restricted and a moderate number of subjects were included. Another limitation is that two 24-h dietary recalls may not be sufficient for characterizing the typical eating habits of an individual. However, they may provide adequate information when describing the diet of groups of children (Block, 1982) and have been used in major children's studies (Nicklas, 1995; Stone et al., 1996) .
In summary, our study indicates that under conditions of lower folate status, male gender increases the contribution of the MTHFR(C677T) mutation on fasting tHcy in healthy children. This gender-dependent modulation supports the need for preventive measures, mainly dietary, that would be most advantageous to young boys, in order to achieve the best possible phenotype. This may be of increased importance in populations where the T allele exhibits a higher frequency. Our findings need to be replicated and expanded to a full paediatric age range to elucidate the interplay of tHcy determinants.
